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ABSTRACT

/8448

The results of a feasibility program to develop radiation resistant

solar cells are described. An electric field in the base region which

was produced by means of a graded base structure iucreased the collection

efficiency of light produced carriers from the basc region.

Comparative results of radiation damage tests with poth 1 Mev electrons

and 95 Mev protons 1l were fouvad to

[on
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more radiation resistant than n-on-p cells having | obm cm base regioa.

A complete theoretical discussion is given.
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1, INTRODUCTION

This report discusses the results of a fifteen month program
carried out by Electro-Optical Systems, Inc., to determine the
feasibility of fabricating radiation resistant solar cells in silicon.
The principal use for solar cell power supplies is to be found in
space vehicles, and it has been established that those vehicles which
are in earth orbits are subjected to high energy particle bombardment

o PO — 1. ~ CC - -~ 1~ ) N —~am ] -
ectrons., Thie effect Ot tnis oombarameiit

[

consisting of protons and e
on the cells is to reduce their conversion efficiency. This loss of
efficiency is primarily due to a degradation of lifetime in the base

region of the cell caused by the particle bombardment.

Electro-Optical Systems, Inc., accordingly proposed the graded
base concept as a method of overcoming this degradation, In this
cell design, an electric field is introduced into the base region
of the cell. The effect of this field is to increase the effective
velocity flow of light-generated minority carriers towards the p-n
junction. By use of this field-assisted flow the probability of
recombination of the minority carriers is considerably reduced and
hence the effect of the particle-induced decrease in lifetime is
lessened. The electric field in the base region is produced by

means of a controlled gradient of impurities within the region.

During the program, graded base cells were fabricated, using
diffusion to produce the impurity gradient within the base region
of the cell, The cells fabricated had initial efficiencies, when
measured in sunlight of as high as 11 percent. A number of these

cells were irradiated with either 1 Mev electron or 94 Mev protons.

2080-Final 1




It was found that the short circuit curvent of graded base cells under-
went less degradation than that of any cell produced with a uniform

distribution of dopant impurities in the base,

These experimental results, which were obtained at Space Tech-
nology Laboratories and at the Naval Research Labs for NASA, confirmed
the detailed theoretical predictions which had also been made during

the course of this program.
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2. CELL DESIGN AND FABRICATION

2.1 Cell Structure

Prelimiaary design considerations (Ref. 1) indicated that
it would be possible tu cbtain fields ¢f between 20 and 40 vults/cm
in silicon by the use of a diffusion process to form the graded
base region, provided that the thickness of the regicn was restricted
to & to 4-1/2 mils and that the starting material had a carrier
density of 2z x 1014 or less. It was also decided initially that
the cells should be of the n-un-p type siuce earlier work (Ref. 2)
had shown that these cells were considerably more radiation
resistant than were the p-uvn-n devices. Thus, the starting material

was selected to be 25 vhm cm p-type silicon.

In order to obtain meaningful results, it was realized that
it was necessary to prepare cells of the highest possible couversion
cfficiency, and so in order to minimize the series resistance of the
cells a gridded structure was adcpted. Figure | shows the design of
the mask that was employed in vrder to obtain the uridded stucture
for the cell front contact. Cells having dimensions uf both 1 x 1
and 1 x 2 cm were fabricated. The choice of which cell size was
employed by an particular experiment was merely a matter of
cuvnvenience. In additicn to fabricating graded base n-on-p cells,
some graded base p-on-n cells were also fabricated and tested. In
addition, n-ou-p control cells, having a uniform resistivity in the
base regiocn, were fabricated. The following sectiuns discuss the
fabrication techniques employed for the maaufacture uf these various

types of cells.

2080 -Final 3



; T_j
|
T

4

i
i
+
i
ke o

. !
et

I H i
i !
m

|
|
|

[
T e —— A
L= [ i ' X
i f i ! .
N ; ; , !
Y o + +———
m @ : + : + + .
O£ , ] !
I+ - — ¥ ——— -
vy + L
|0 - ) , “
Qg | D : i
1O o Ju i et e +- ] .- ' . -0
i 5
L+ E | : ! T .
: Se , -
[ N 4 + - - [ SO ‘ - - "
o & i . _ ,
O < m i
‘Sm.Cn " h
oS M
8B4 : _
i uo :
” &0‘_ A . - M G 3 M - YAﬂ‘f
= ®
o v
g8 . I
+ o ﬂ
o ac
> @ O
— - - S j
: _
S - + - ey -
e S
, , o
+ = <O
T,
SRS SO e
: u
_ 4
- - . o N N S
U SO IS
- *-‘mwo,
AL . G e
o , ,
"o} ,

o

OTE: SHADED AREAS and VERTICAL

STRIPES - BLACK

SCLAR CELL MASK

1

FIG.

2080-Final



2.2 Cell Fabrication, N-on-P Graded Base

The fabrication of cells consists cf two diffusion steps, the
first of which provides the graded impurity region for the base and
the second of which produces the p-n junctica. Contacts are then
made to both the p and n regiocns c¢f the cell; contact to the n region
is a gridded structure in vrder to reduce the series resistance. The
cell is ccated with an anti-reflecticn coatiiy of silicoen monoxide

which is applied by evaporaticn.

Table I shows the major process steps in scme moure detail.
Prior to the first diffusicn, boron is applied by painting on a

suspension of B in a solvent. After the sclveant has dried, the

203
slices are diffused at 1250°C for 100 hours in an air atmosphere.

At the end of this period the furnace is turned off and allowed to
cool to 750°C at which temperature the slices are withdrawn from the
furnace. The slices are then mounted on lapping jigs and lapped in

a Lap-master machine ¢n c¢ne side oanly, to a thickness vf 6.5 to 7 mils.
The slices are then mouunted su that the unlapped side is protected

by wax and etched in a polishing etch to a final thickness of 4 to

4.1 mils. After being demcunted and cleaned, the slices are then
diffused with phosphorous to form the p-ua junction. This diffusion
takes place at a temperature of 930°C for 30 minutes in an atmosphere
of dry nitrogen. The diffusicn source is dry P205 which is held in

a quartz boat at a temperature of approximately 300°C. At the end

of this 30 minute pericd the slices are withdrawn intc a second
furnace, which is then turned off and allcwed to cool to 750°C, at
which point the slices are withdrawn. The back or lapped surface of
the slice is now given a light lap by hand to remove .5 to 1 micron

«f material, thus removing the diffused n-type region from the back

of the cell.

2080-Final 5
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TABLE I

1G.

11.

12.

13.

14.

Clean Slices
Paint on Boron
Deep Diffusion
Lap

Etch

Clean

Diffuse Junction
Hand Lap Back
Mask

Plate

Cut

Etch

Solder Dip

Anti-Reflection Coat
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Photoresist is then applied to the front surface of the cell and
exposed through the 2srid pattera mask and develcped. The back of
the cell aud the unmasked portions of the front of the cell are

then plated with a nickel-gold mixture, using an clectrcoless process
followed by an electrulytic plating of silver. e cells are then
mounted for ultrasonic cutting and depending on the size cof the
piece involved, are cut either te 1 x 1 or 1 x 2 cm rectangular
blanks. After being cleaned, the cells are then mounted for a junction
clean-up etch in such a way that both the front and back surfaces of
the cells arc protected, leaving the edge tuv be attacked by a nitric
hydrofluoric acid mix which removes the damaged material around the
periphery of the cell. The cells are then suvlder dipped in a 60/ 40
solder at approximately 200°C and the front surface of the cell is
then wviven an anti-reflection coating of silicon monoxide by vacuum

evaporation,

The n-type diffusion is evaluated by measurements of sheet
resistance and junction depth. Sheet resistance values run typically
between 16 and 20 ohms per square, and juaction depth is .45 £ .05

micron., Figure 2 shows a photugraph of the completed cell.

2.3 Cell Fabrication P-on-N Graded Base

In order to obtaia additicnal check of the applicability of
the graded base concept to the improvement of solar cell radiation
resistance, Mr. W. Cherry suggested that we fabricate p-van-un cells
containing a graded base region. The fabrication techuiques employed
were essentially the same as thuse described in the previous section
for the n-on-p cells with the excepticn of the diffusion procedures.
The starting material was 15 chm centimeter n-type silicon. The
graded base regiun was produced by pre-depositing phosphorus onto
the slices. A P.0. source was held at 300°C and the slices were

275
held at a temperature of 1050°C for a periovd of 30 minutes.
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The dopant was carried to the slices in a stream of dry
nitrogen. The pre-deposited layer was then driven in by diffusion
at a temperature of 1250°C for 100 hours. After lapping and etching
the slices to a thickness of 4 mils, the p-type region was produced
by carrying out the junction diffusicn at a temperature of 1U50°C for
12 minutes using a 8203 as a svurce. Subsequent processing was
identical to that described in the previvus section for n-on-p

type cells.

2.4 Control Cells

N-on-p centroel cells were fabricated using the same
starting material which had been used for the graded base cells,
Instead of performing a long diffusion tou produce a graded base
region, a short pre-deposition of B203 was carried out in order to
provide a p+ back surface so that a lcw resistance chmic contact
c.uld be obtained to the back of the cell. With this exception,
other processing was identical to that for the graded base cells.
Two types of control cells were fabricated, having thicknesses of

4 miles and 12 mils, respectively.

2080-Final 9




3. CELL CHARACTERISTICS

3.1 Base Impurity Profile

The impurity distribution in the base region of the cell was

determined by the use of the following technique.

After the deep base diffusion, a sample slice from the run
had one side removed by lapping and etching so that the slice thickness

remaining was approximately 5 mils, The slice was then mounted with the

g W < 5 mils. The glice
etched face protected and the shect resistance was measured using a four
point probe on the back surface. 0.2 mils was then removed from the
back surface and the sheet resistance measured again. These steps were
repeated until the sheet resistance was too high for reliable measure-

ments to be obtained.

The conductivity of the nth layer o is then given by

———

{
1 1 1
o = 13 TR | T )
L s(n) s(n+l) _ n
Where R and R are the sheet resistances before
s(n) s{n+l1)

and after the removal of the nth layer and Xn is the thickness removed.
The results of such measurements on typical cells are shown in Figs. 3 -6

Figure 3 shows the results obtained using the normal boron paint-on

“technique which has been described for p-type base diffusions. It will

. . . , 19 3
be seen that the surface concentration is approximately 3 x 10 cm .

This result is typical of those obtained on a number of different runs.

An attempt was made to determine the effects of increased boron concentration.

2080-Final 10
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The higher coucentration was obtained by increasing the concentration
of B203 in the paint which is applied to the surface as the dopant
prior to diffusion. Figure 4 shows the results of the impurity
profile taken after such a diffusion. It will be seen that the
surface concnetration has increased by approximately an order of
magnitude. It is not possible to tell whether the apparent point

of inflection in the curve really exists or is due to difficulties

of measurement.

It was not possible to fabricate cells from this more heavily
doped material due to the fact that the very high concnetration of
boron caused considerable crystalline strain, and it was not possible
to obtain smooth etched surfaces on the slices which had been subjected

to this diffusion treatment.

From results shown in Figs 3 and 4 the electric field in
the base region of the cell was calculated. Due to the uucertainties
in the measurements, this calculation was at best an approximate
estimate, and showed that in the case of the higher doped cell, an
increase in the average electric field in the base region by at most
20 percent was obtained. Since this is a marginal increase, it was

decided not to pursue these experiments further,

Figures 5 and 6 show similar curves obtained for phosphorus
diffusion into n-type material. This material was used for the fabri-

cation of p-on-n graded base cells.

2080-Final 13




3.2 Lifetime, Capacitance and Series Resistance Measurements

Early in the program it was decided to make both lifetime and
capacitance measurements on fabricated cells in order to determine the
resistivity of the base region immediately adjacent to the junction
and the effective lifetime of the material adjacent to the junction.
It was not possible to make these measurements on complete 1 cm
area cells due to the large junction capacitances and leakages that
are involved. Accordingly two samples were taken and mesas were
etched on these samples in order to obtain junctions having areas
of one to two mmé. The capacitance of each of these junctions was
measured as a function of the reverse bias voltage applied in the

-1/2

range of 2 to 10 volts, and was found to follow the V law,

as shown in Fig. 7 thus indicating an abrupt junction,

From this measurement and the measurement of the junction
area, it was possible to deduce the resistivity of the base material
adjacent to the junction and this was found to be 24 ohm cm. It was
thus concluded that the diffusion processes were not changing the
resistivity of the starting material in those regions sufficiently
far from the surface that the impurities were not penetrating into
them,

In addition to the capacitance measurements which were made
on these mesas, lifetime measurements were also carried out using
the junction injection method described in Ref. 3, The circuit used
for these measurements is shown in Fig. 8. The results obtai ned,
applying the theory as given in the reference, were 2 microseconds
and 6 microseconds respectively. It is not clear, however, what
the effect of the graded base region has been on the results obtained
by this method of measurement so that these results must be treated

with some caution.

2080-Final 14
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The series resistance of two 10 to 11 percent cells was
estimated using one of the methods described by Rauschenbach and Wolf
(Ref.4). This metlod involves locating a point on each of the V-I
curves taken at various light levels at a fixed current difference
from the short circuit condition. When these points are joined by
a straight line the reciprocal of the slope of the line gives the
series resistance. 1In both cases the measured value of series
resistance was approximately two ohms. Of these two ohms, one ohm
can be accounted for by the resistance of the thin diffused n-type
layer. The sheet resistance of the plated contact was measured
using a four point probe and was found to be 0.05 ohms per square.
The longitudinal resistance of the froat contact stripe was cal-
culated and was found to be one obm. Since, when the cells are
tested, contact is usually made with a point at one extremity of
the stripe, this therefore counts for one ohm of the series
resistance. Accordingly, the plating thickness has been increased

on cells subsequently fabricated.

3.3 Transit Time Experiments

An experiment was carried out designed to measure the
transit time of carriers injected into the back of a cell. It was
expected that by this means it would be possible to verify the
existence of an electric field in the base region of the cell
driving the injected minority carriers towards the junction. If
the case of a § function of injected carriers is considered, it
can be shown that the transit time t for the injected carriers to

move a distance W is given by Eq.(2) (Ref. 5 ).

2
W
7 Tap (2)
where
D is the diffusion coefficient of the injected carriers.
2080-Final 16




For electrons in a layer of p-type silicon 100 microns thick, this
transit time is 2.6 microseconds. Since it is expected that the

electric field introduced into the base region by the diffusion of
impurities will reduce the transit time to l microsecond or less.{Ref. 1),
It should be possible to distinguish between the field and non-field case
by injecting carriers into the back of the cell and measuring the time
required for them to arrive at the junction. The method used of injecting
the carriers was to use photo-injection, and the setup is shown diagram-
matically in Fig. 9. The cell under test was illuminated with a pulse

of light, 1 microsecond long wusing a Kerr cell shutter as a means of
producing the pulse. The device to be tested was prepared by taking

a portion of a solar cell and etching a mesa approximately 2 mm in
diameter on the front surface of the cell. Pressure contacts were

made to this diode structure which could be illuminated either from

the front or the back by reversing the diode in its holder. The measure-
ment circuit is shown in Fig. 10, Due to the fact that the Kerr cell
required 35 KV pulses to operate it, it was necessary to shield the
complete circuit shown in Fig.l0 very carefully in order to prevent
electro static pickup. Figure 11l is a photograph of the complete

test setup in use.

Figures 12 through 16 are photographs of the oscilloscope
traces made under various conditions of illuﬁination of both graded
base and control cells. Figures 12, 13 and l4were obtained on a
mesa etched from a portion of a graded base cell. Figure 12 shows
the trace obtained when the cell was illuminated with 1 microsecond
pulse of light on its front surface. Figures 13 and 14 show the
results obtained with the same specimen when it was illuminated
from the back. 1In Fig. 13 no filter was used, but in Fig. 14
a Corning CS4-97 filter, which is a blue-grecn filter having zero
transmission in the near infrared, was interposed in the optical
path. It will be noticed that there is no difference in the

general characteristic of the curve between Fig. 13 and l4.
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DIAGRAM OF TEST SETUP

FIG. 10
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FIG. 11 TEST SETUP
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Vertical -+ .05 volts/division
Horizontal .2 pus/division

FIG. 12 GRADED BASE CELL ILLUMINATED FROM
FRONT

Vertical .05 volts/division
Horizontal .02 _s/division

FIG. 13 GRADED BASE CELL ILLUMINATED FROM
BACK (Unfiltered light)

Vertical 005 volts/division
Horizontal 0.2 ps/division

FIG. 14 GRADED BASE CELL ILLUMINATED FROM
BACK (Filtered light)
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FIG.

Vertical 0.2 volgs/division
Horizontal 0.2 us/division

15 CONTROL CELL ILLUMINATED FROM

viid ad Tl

FIG.

2080-Final

Vertical .02 volus=/division
Horizontal 0.5 LLssdivision

16 CONTROL CELL ILLUMINATED FROM
BACK (Unfiltered light)
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It will also be seen that the time required for the output voltage to
reach its maximum value is independent of whether the cell is
illuminated from the front or the back. It may be concluded that
the measurement was not sufficiently sensitive to detect the transit
time difference between back and front on the graded base cell.
Figures 15 and 16 show the results of a similar experiment carried
out on a specimen from a control or uniform base cell. 1In this case
it will be seen that when illuminated from the front, the characteristics
are similar to those of the graded base cell. However, when this cell
was illuminated from the back, the peak of the response ovccurred .5

to .6 microsecunds later than in the case of froant illumination. The
peak occurred approximately 2 microseconds after the commencement of
the pulse. This is a.somewhat sliorter time than would be expeciled

from the elementary theory which shows that for eloctrons in a layer

of p-tvpe silicon 100 microns thick, this transit time is 2.6 micro-
scconds. Nevertheless, there is a clear difference in behavior between
tlie graded base and the control cell, and this difference can be
accounted for by assuming that there is in fact an electric field
having a value between 10 and 20 volts/cm in the base region of the
graded base cell., The measurements were not sufficiently precise to

enable a move accurate determination to be made.

3.4 Cell Efficiency Mcasurcments (Ref. 6)

Initial cell efficiency measurements were made using sunlight.
The cell to be tested was wmounted in a jig having a cuvilimating tube.
This test jig was mounted together with an Eppley total incidence
pyrohelicmeter onto a platform which could be manually tracked to
follow the sun. The pyroheliometer was also fitted with a collimatiag
tube, and the solid angles subtended by both tubes were the same. The
output voltage and output current were measured on an X-Y recorder. The
output voltage was measured directly and the output current was measured

by recording the voltage drop across a 1 ohm resistor placed in series
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with the cell. A complete V-I characteristic was plotted for each cell
while the sun intensity was measured using the pyrheliometer and an L and
N potentiometer. One group of 45 cells had its V-I characteristics
measured in the Electro-Optical Systems parking lot and on Table Mountain.
In the parking lot the following results were obtained. 15 had
efficiencies less than 9 percent, 22 had efficiencies between 9 and

10 percent, and 12 had efficiencies greater than 10 percent., Of these
cells 9 were p-on-n having efficiencies in the 9 to 11 percent range.
These cells were taken to Table Mountain and their efficiencies were
measured on the 2nd of October. The average of the efficiencies
measured in the parking ot exceeded the average of those measured

on the mountain by .027 percent. [he standard error ot this mean

value was calculated and fouand to be .08 percent. Appiving a student
t-test a t value equal to .003 was found. This difference in mean

values was therefore not sigaificantly different from zcro.

When carrying out irradiation tests, it was not coavenient
to use sunlight. The cells therefore, were alternately bombarded
with high energy particles and measured in a set up, usiag tungsten
illumination having a 2800°K color temperature., The incident
illumination was not filtered. The cells were kept at room tempera-

ture by circulating air past them. The V-1 characteristicswere then

plotted for each cell.
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4. THEORY

4.1 Introduction

In the following sections the results of detailed calcu-
lations on the collecticn of minority carriers frcm the base region
of a solar cell are presented. 1In these calculaticns we have
presented the collecticn efficiency from the base as a function of
diffusion length for various distributions of the electric field
within the base. The calculations were carried out both for sunlight

and 2800°K tungsten illumination.

Due to the non-analytic nature of both the solar spectrum
and the spectral absorption of silicon, it was necessary to solve

the equaticns numerically and this was done on an IBM 1620 computer.
Appendix I lists the Fortran programs which were used.
The results are presented in graphical form herein.

4.2 Continuity Equation

The collection efficiency of a semiconductor junction device
with a built-in field is usually calculated from the continuity
equation (Ref. 7 ). For a one dimeasicunal current flew, the steady

state current flow equations are:

dJ_ dJ
I - e(R-6)=0; E?R + e (R-G)=0 ( 4a,4b)
- da, < dp 5
Jn = e (nunE+Dn rk Jp : e(pup E Dp dX) ( 5a,3b)
= : = = {
Ipor Wy + I3 J(a=0) =0 ( 6)
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R = recombination rate
G = generation rate
n = added electron ccncentration

p - added hole concentraticn

o}
]

p for optically generated carriers

In an n-on-p junction device the current is given by

dn

n dx X =a, p dx l x=a_)

JTot= e (D

Where the terms on the right side represent the total curreat

generated below and above the junctioun, respectively, and the junction

is placed at x = a.

The total collection efficiency is given by

QTot = JTot + e N(x) dx )

where N(x)=G 1is the concentration of absorbed photouns and the back

surface of the device is at x=b.

The collection efficiency below the junction is given by

Q. =D du /er N(x) d {7
2 adx 'x = a, .+-/U NS dx {7a)
and Qroe = Y¥Q

Te solve for J, equations 1 and 2 are combined. G is given by

J/[&G N(Ma(W)e % da where lG is the wavelength correspunding to
theoenergy gap of the material. For silicon, o is appreximately
1.11 microus. R, the recombination rate, depends on the added

. : ) _ n
carrier concentration. For <<n_, n<<po, n <<p, R = /Tn. The
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~
result is the continuity equation
d dn n KG ~Qx
= (ngnE+'Dn 5;) - +‘/r N(Ma(N)e dx=0 (8)
n 0
For the case of a small constant field
dzn dn n TG X
Dn 2 * n . dx —— * _ NCO (e dx= (8a)

Equatica (8a) has generally been used in the literature to
represent devices with built-in fields (Ref.B8-10 ). However, its use

necessitates the following assumptions:
1. E is ceonstant and not affected by gencrated carriers.

n
3. o<<n
p

2. u o, D1 are independent of position
{

The validity of these assumptiouns are discussed below.

4.3 Absorpticn Properties and Field Effects

Solar cells are tested by illuminating them with either
sunlight or 2800U°K tungsten lizht. The tungsten light is sometimes
used with a water filter toc cut down heating effects from the infrared.
The photon spectra for these two sources are shown in Fig. 17 and the
distribution of absorbed photons in silicun are shown in Figs. 18
and 19, It can be seen that sunlight will generate a greater
number of carriers in the front of the cell than does tungzsten light.
Therefore, events which vccur deep in the cell, such as radiation

damage, are accentuated by tungsten light over sunlight.
From the impurity concentrations measured on actual cells,

the electric field has been calculated for a base width of 125 micreas
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FIG. 17

PHOTON SgECTRA FOR SPACE SUNLIGHT
AND 2800 K TUNGSTEN LIGHT

FIG. 18

ABSORPTION OF PHOTONS IN SILICON-
DIFFERENTIAL SPECTRA

FIG. 19

NUMBER OF SOURCE PHOTONS ABSORBED
ABOVE DEPTH X: SILICON




(Fig. 20 ). Later cells have been made with base widths of 100
microns. The distributions is very cluse to a complementary error
function. An exponential distribution is needed to give a constant
field and is actually very close to the actual distribution. For

simplicity, a constant field has been assumed in all calculaticns.

The mobility and diffusion constant also vary with impurity
concentrativn (Fig. 21 ). The mobility variation in a 10J micron
base region is shown in Fig. 22. This actual functional relation-
ship with position has not been included in the calculations because
of the large increase in difficulty of solution. However, the error
from using a constant value of 1300 cmZ/vult-sec is not large. From
Figs. 21 and 22, it has becn calculated that if all carriers
generated in a 10Uy base were collected, the average mobility of
solar generated carriers would be 1260 cﬁz/volt~sec and of tungsten
generated carriers, 1220 cmz/volt-sec. For an actual cell where all

carriers are not collected, the cnes in the back are more likely to

2
recombine, hence the mobilities wuuld be even closer to 1300 cm™/volt-

sec.,

4.4 Carrier Distribution

To test whether the sclar cell cperates in the small signal
condition, equaticn ( 8a) can be solved and the results tested for
consistency. The boundary conditions for an infinite base width are
n{a)=0 and n{w )=0. The results of the calculatiovas for various

/2

values of E and L = (DT)1 are shown in Figs. 23 and 24. 1In a

practical cell, L is less than 200 microns. It is seen that n is
12, 3 . . ,
always less than 8.2 x 10" "/cm™, whereas the impurity concentration

3

varies from 1014/cm to 1020/cm3. The ratio of n(x)/P(x) is always

less than 0.01. Hence, the small signal assumption is valid. This

) n . . , .
means that the expression R = /Tn is valid and that E is essentially

independent of n(x). It should be noticed in Fig. 24 that as E
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increases, n(x) decreases almust everywhere; this occurs because, in
the steady state, more carriers are pushed across the junction by
higher field strengths. Irradiation of a solar cell has the primary
effect of lowering the lifetime. 7. Since R = n/T, this increases

the recombination rate. The addition ¢f the field lowers n and

keeps R at a low value. This can be used as a qualitative explanation

of why the field causes radiation resistance.

It should be mentioned that for a solar cell with a base
. . . 14, 3 . . . .
impurity concentratica of 107 /em™ near the junction, the juaction
width is about 3 microns. Hence, some of the carriers are generated

in the depletion region.

The use of diffusion length, L, as a parameter for graded
base cells may be questioned, since it is not measurable for these
cells. Two arguments can be made. Firscly, the use of L as an
analytic tool to show qualitative changes in shert circuit current,
Isc’ or lifetime, 7, is valid, since exactness is anct clained.
Secondly, the lifetime is a more fundamental parameter than diffusicn
length and T is meaningful in the graded-base cell. Lifetime does
not change significantly with position, siance the base region is
extrinsic cver its whole range. 1In this respect, L is just used to
show proportional changes in 7. The use of D (diffusion couastant)
as a constant is subject to the comments of g (mebility) above

since Eiunsteins! relation gives eD = KTu.

4.5 Collection Efficiency

The collection efficiency in the base region has been
calculatedkfor both infinite and finite cells with widths of 100
microns and 400 microns for various values of E and L, using equation
( 8a). The boundary conditions are, for infinite cells, a(0) = 0,

n(w) = 0, and for finite cells, au(0) = U, Dn'(b) = (4EL+sL)u(b).

The back contact is at x = b and S = surface recombination velocity.

*See equations (7) and (7a)
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D is assumed to be 30 cm2/sec. and § = lu4 cm/sec. The method f
solution was similar tce that of Kleiaman (Ref. 8). Results are

shown in Figs. 25, 2t and .7.

It is puvssible to produce froem the above data,. theoretical
relatiovnships ¢f short circuit deasity. ch. versus electrca flux.
Tu get the relaticnship tetween diffusicn lensth and particle flux,
we use the formula derived from the Shuckley-Read thecvry (Refs. 11
throuzh 13).

-
[unl

where §§ is particle flux and K is a constant for each material.
Empirical values ¢f K are, fcr 1 Mev electrons, 1.45 x 10“10 for

1 vhm-cm p-type silicen and 4.75 x lu_ll (Ref. 14) fof 25 chm-cm
p-type silicen. These values yield the curves in Fig. 28. For these
curves, it has been assumed that the graded base cells are 25 ohm-cm
resistivity, whereas, actually they varied from .0Ul to 25 ohm-cm.
Therefcre, instead of using a constant K-factor fcor graded base

cells, a variable one should have beea used.

Thevretical curves of Q versus ¥ are shown in Figs. 29 and
30. In these curves Q represents total covllectivn efficiency frem
both the diffused and base regions. A 25 perceat cullectica
efficiency has been assumed for the diffused layer where .4 percent
of sclar phetens and 5 percent of tunussten photons are absorbed for

a .5 micron junction depth.

An empirical relaticaship between Q and the short circuit,
Jsc’ with tungsten lizht can be set by equating the thecretical

value «f Q for the uniform base cell at a flux level cof 1Olb/cm2 to
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FIG. 27

COLLECTION EFFICIENCY FOR
FINITE BASE IN SUNLIGHT VS
ELECTRIC FIELD STRENGTH

FIG. 28

DIFFUSION LENGTH VS FLUX OF 1
MEV ELECTRONS: P-TYPE SILICON
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the experimental value of Jsc for the same flux. This werks out to

be Q = 1.0 cerrespceads to 35 ma/cmz

An empirical relationship is

necessary. since the exact level (£ lisht for measuring during

irradiatica experimeats is n-t knlwn.

gives Q = 1.0 correspends te J = 54 ma/em”. The curve f J
s¢ s

versus flux is shuwn in Fig. 31.
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5. TIRRADIATTION EXPERIMENTS

5.1 Electron Irradiation

During the program five groups c¢f n-on-p cells and one
group of p-on-n cells were irradiated with 1 Mev electrons (Ref.15 ).
Figures 32 through 36 show the results obtained for the n-un-p cells.
The cells were alternately irradiated and had their short circuit
currents measuvred using unfiltered :800°K tungsten illuminatioa. The
graphs show the short circuit curreat as a functiun of the integrated
electren flux. In each case the data has been plotted oan the basis
of the cell having a total area of 1 cm2 with an active area of 0.9 cmz.
Figure 32 shows results cbtained in two groups of control cells, that
is, cells haviag uniform base resistivity, and is shown in overlay
form for ready comparison with the results shown in Figs. 33 through
36 . The two groups of contrul cells were precessed simultaneously
on 25 ohm cm p-type silicon and differ caly in the thickness of their
base regions, which were 4 mils and 1< mils,respectively. At the time
when these experimeants were conducted there was no published data on
the radiation resistance of commercial n-on-p cells which could be
readily compared with the results which had been obtained on the
graded base cells. Fabricatica .t cuatrol cells enabled us to submit
samples of both uniform and :raded base cells for comparative radia-
tion studies with commercial solar cells. This enabled us to
determine whether the methods of fabrication emplcyed ia making
uniform case cells affected their radiation resistance compared to
commercial cells. The comparative data which were obtained with

commercial cells will be discussed in a subsequent section.
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By examining the results shown in Fig. 32, it may be seen
that the initial shourt circuit currents on the 12 mil thick group
of control cells were considerably higher than those on the thinner
cells. This is due to the fact that in the pre-irradiated condition,
the diffusion length in the thin cells was comparable with the cell
thickness. Thus,the collection efficiency from the base region was
reduced leading tc¢ a lower shert circuit current. Figure 32 clearly
shows the dangers ¢f evaluating results in terms of ratics of initial
to final short circuit current. If evaluated on this basis the thin
cells would show superior performance. However, it may be seen that

by the time the cells have been subjected to a flux <f 5 x 1015

elcctruns/cmZ} the short circuit current ¢f the two groups cof cells
is almost the same. Coumparing the results of the control cells
with the graded base cells we see that for two.uf the groups at an
irradiation level of 5 x 1015, the performance of the zraded base
cells was approximately the same as that of the coatrol cells. For
the other two groups it would require a factor ¢f 2 increase dn
radiation to reduce the short circuit current of the graded base
cells to the level reached by the control cells at the flux of

5 x 1015.

It should be noted that the two groups which showed greater
radiation resistance than the control cells were 4 mils thick and

had the junction adjaceunt to the edge cf the graded region.

The two groups whose performance was comparable with the
controls were 4.5 mils thick and the edge vf the graded region was

0.5 mils from the junction.

At the Technical Monitor's sugzgestion it was decided to
irradiate some graded base p-on-n cells. It was felt that if these
showed an improvement in radiation resistance cuompared with couven-

tional p-on-n cells, a conviuncing demonstration of the applicability
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of the graded base concept of the fabricativn vf radiation resistant
solar cells would result. Three p-un-n graded base cells were subject
to 1 Mev electron radiation in the Van de Graff accelerator at STL.

The results of this experiment are shown in Fig. 37. The short circuit

current of the cells when illuminated by tungsten light is plotted as

a function of the integrated electron flux density; the two solid

lines shown on this curve represent the performance exhibited by the

|
majority of p-on-n commercial solar cells and the dotted line indicates
the performance of the best p-on-n commercial cell. It may be observed |
that even though the graded base cells started off with initially

smaller short circuit curreuats than those of typical commercial cells,

these experimental cells exhibited a cunsiderably improved radiation

resistance compared with commercial p-on-n cells.

5.2 Proton Irradiaticn

A number of n-on-p graded base and control cells were sub-
jected to 95.5 Mev proton irradiation in the experiments carried out
by Space Technolougy Laboratories at McGill University. The results
which were obtained after recalibration of the equipment are shown
in Fig. 38. It should be nuted that the cuntrul cell behaved in a
superior manner to cells obtained from other scurces and its per-
formance was only marginally below that of the graded base cells.

It is difficult, therefore, to assess the exact significance of

these results.

5.3 NASA and STL Comparative Ruuas

Solar cells from differeat scurces have been irradiated
under identical laboratory conditions to compare their performance
in a radiation enviroument. Experimenters at the Naval Research
Laboratory under the direction of NASA and at Space Technology
Laboratories each performed these experiments during the last few

months. Compared were 1 ohm-cm p-c¢i-n cells, n-un-p cells with
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resistivities from 1 c¢hm-cm te 25 ohm-cm, and the Electro-Optical
Systems' graded base cell. The results are shown in Figs, 39

and 40 . (Refs. 16 and 17.) 1In each case, radiation damage is
lessened by increasing the resistivity of the base starting material,
while the least damage cccurs vn the Electro-Optical Systems' sraded
base cell. It can be seen in the figures that although the positions
of the various cells are similar in the two sets uf data, the spacings
are different. This is poussibly due to the fact that STL used un-
filtered tungsten light whereas NRL uses a water filter, changing the
light spectrum. It should be uncticed that the graded base cells

will take 20 times more radiation than 1 ohm-cm cells and 3

times more than 25 ohm-cm cells to degrade tu the same level.

2080-Final 49




FIG. 39

COMPARATIVE DEGRADATION OF
VARIOUS N-ON-P SOLAR CELLS
IRRADIATED AT NRL BY NASA

E €05 250 -cm CELL
J EOS GRADED BASE CELL
F-G 1001 -cm CELLS

ALL OTHERS :(-cm CELLS
sk —

I SCO

ISC

0’ 10 o? ToN

FLUX OF { Mev ELECTRONS, 'No/cm®)

35 T - T T —T

30

A B CDE F

25
FIG. 40
20 COMPARATIVE DEGRADATION OF
Jeem ce | \ VARIOUS N-ON-P SOLAR CELLS
38-cm CELL IRRADIATED AT STL (based on

a
8
C 5 Q-rm CELL
o]
E
F

0 Q-cm CELL j \ a figure of R. G. Downing)
2% §-cm CELL i
| F EOS GRADED BASE CELL '
[
10 L MINAT DN LB b

Jsc {(ma/sem®) FOR 2800° K TUNGSTEN ILLUMINATION

5 —
0
10° o o' w©°
@ (elcm®) 1.0 MEV ELECTRONS
2080-Final 50




6. COMPARISON OF THEORY VERSUS EXPERIMENT

It has been conclusively demonstrated that the Electro-Optical
Systems' graded base solar cell is 3 to 20 timés more resistant
to electron and proton irradiation than any other presently made n-on-p
cell. That this propertv is due to the graded base structure can
be seen by comparing theory with experiment. In the NASA data,

Group E are Electro-Optical Systems 25 ohm-cu n-on-p cells which
degraded 34.4 percent at an irradiation level of LUI6 elec/cm
measured under filtered tungsten, Theory predicts 41.3 perceat
degradation under unfiltered tungsten and about 10 percent less

or 37 percent uander filtered tungsten. For Group J, the Electro-
Optical Systems' graded base cclls, actual degradation was 24.6 par-
cent. Theory predicts 26.1 percent for unfiltered tungsten and
around 24 percent for filtered light. The numbers for filtered
tungsten are close enough to préve the theory is reasonably correct
for both graded - and uniform - base cells., Similar comparisons can
be made for n-on-p cells irradiated at Space Technology Labs.
Irradiations performed on p-on-n cells show that the graded base
structure is again more radiation resistant, indicating that a
peculiar diffusion process for n-on-p cells is not the cause of

the better cells.
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7. CONFERENCES AND PUBLICATIONS

A meeting was held on August 9th with the technical monitor at
Electro-Optical Systems, Inc. Methods of fabrication of graded base
cells were demonstrated and discussions took place oa the progress of

the program and plans were made for future work.

A meeting was held at NASA Headquarters on October 25th, Present
was the technical monitor and Mr. J. Mandelkorn of NASA and Dr. M. B.
Prince and Mr. S. Kaye of Electro-Optical Systems, Inc. At this time
an attempt was made to see if any correlation could be obtained between
this data and data obtained at other laboratories. The conclusions
reached were that due to the different methods of evaluation of the
cells after irradiation, it was not possible to obtain a valid
comparison of data. 1In view of this difficulty it was decided to
place more emphasis on the theoretical aspects of the work during

the last part of this study.

A paper was prepared- by S. Kaye, I. Weiman and W. V. Wright
describing much of the work which had been done on this project.
The paper was presented at the Space Power Systems Conference
sponsored by the American Rocket Society which was held in Santa
Monica, California from September 25 through 28th. A number of
papers of interest in connection with the present work were presented
at this conference. Included among these was a paper by R, Fischel
of the Applied Physics Laboratory of Johns Hopkins, describing the
effects observed due to the artificial radiation belt produced by the

recent high altitude Johnston Island test. The effects of this
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artificial radiation belt are most noticed by vehicles flying in

low altitude equatorial orbits and in this case the damage rate has
been increased as much as a hundredfold. A paper by J. M. Deuney,
STL, entitled "The Effect of Space Environment on the Photovoltaic
Cell" dealt mainly with the effect of high energy proton bombardment
on solar cells and the ensuing dependence on diffusion lquth on the
incident light level. 1In addition to these papers a panel discussion
was held to discuss the problem of radiation damage on space vehicle
power supplies. The results of the panel discussions may be summa-
rized briefly as follows: Despite the increased radiation levels
arising from the artificial radiation belt, it is possible to design
solar cell power systems for orbital vehicles which will be capable

of operating over extended periods of time.

Mr. W. Scott visited Electro-Optical Syvstems, Inc., on January

31st, 1963, at which time the progress of the project was reviewed.
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8. RECOMMENDATIONS FOR FUTURE WORK

In view of the results obtained both by NASA and ourselves in

collaboration with STL, it appears that graded base solar cells offer

the possibility of obtaining solar power supplies for space vehicles

having considerably extended life. 1In order to achieve this improve-

ment in practice we recommend that the following future work be.

carried out.

1. Complete calculations on the distribution of impurities in the
base region required to give the optimum field distribution of
the cell.

2, Fabricate thesc optimum structures by the use of epitaxial
growth techniques for. the graded base region and diffusion
for junction fabrication,

3. Conduct 1 Mev electron damage and also proton damage to
establish the expected performance of the optimized structures
in a radiation enviroament.

4, Prepare preliminary cost and yield analyses of both epitaxial
and diffused graded base cells.

5. On the basis of the above estimate establish a pilot line to
produce sufficient cells that final estimate of yields aad
costs can be established.

5. Having obtained a cost estimate as a result of the pilot run,
determine whether the use of these cells is economically
justified for future NASA missions.
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APPENDIX I - COMPUTER TECHNIQUES

A 10-peint Gauss quadratnre method was used to evaluate
the scbiti e preseated 1a Secticon <. the appr och beoy Sdeitical
to that £ Kleinmanl. The calculativns were performed cn
an LBM 17.90 ¢ mputer with a Fortraa program. To determine whether
the 10-point quadrature was of sufficient accuracy, a lé-puint
quadrature was used on some data and the answers varied from those
previously calculated by the 10-peint quadrature by 0.2 perceat or
less. The end points values for A were Al = 0.42y and lz = 1.08.
with % (Kz—hl) = ,33. The values for the variables used are shown

in Table I below.

TABLE 1

, ) -1 -1 . o -1
M) 0.33R 2(ia em 7) Suny (1 ) ! 2800°K Tung v(. )
0.424 0.0220 3.7 x 19 1,22 . 084
0.465 0.0492 2.0 (&) 1.50 . 153
0.526 0.07:3 9.9 (3) 1.57 .348
0.607 0.0883 4.3 (3) 1.62 .728
0.701 0.0977 2.2 (3) 1.51 1.27
0.799 0.0977 1.03 (3) 1.36 1.87
0.893 0.0838 4.5 (2) 1.26 2.38
0.974 0.0723 1.56 (2) 1.12 £.69
1.035 0.0492 | 42, 1.05 2.88
1.071 0.0220 17. 1.02 2.97

D.A. Kleinman, '"Ccnsiderations i the Sovlar Cell," Bell Systems
Tech., Jour. 40, 85 (1961)
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The fcllowing symbils have been used:
h K;,_’
©= N(A) 4 v//A N(A)da
xl

& = absorption cuefficieant

= = L0
A AZ 1.08u

G
E = Electric field
B =a/L
. . o 2
D = Diffusicn constant = 30 cm“/sec -
. . EL
052
o= (1 + e/')l/2 + €
o = (1 + S,
Y =a/L; a = pesition ¢f junction

T =b/L ; bt

L/D

pusiticn ¢f back contact
, 5
S = Ze +
s = surface recombinatiocn veloecity at b
4
s = 10 cm/sec

The fullowing equations have been used aad the programs

for their evaluaticn are sivea in Tables IT thrcugh V.

Photon Absorption - (Table II)

N(u,x) by 3
= / G v(l-e-"7) du (1)
N (\
U J
A
g S ./ wa(x)e X ga (2)
u 0
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Carrier Distritutica - Infinite Base (Table IIT)

. AG
f(X):‘ ES-)_(_)_ =

; v
N 0 D 1-p(f+2v)

Collecticn Efficiency - Infinite Base (Table IV)

by

G
Q = / YEQ =) e—B“\'/ da
0 1-Ze}-p<

Cellectivn Efficiency - Finite Base (Table V)

Q = L rhe oMl
(s+f)e U"/-"-(S-u)e vnen .
0

+(G+.) ([+S)e 2y, =+ (P-p)(S$- Ce ]-(i+@)i} dx
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TABLE II
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TABLE V
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TABLE V (Continued)
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